Background: Pollinex Quattro Grass (PQ Grass) is an effective, well-tolerated, short pre-seasonal subcutaneous immunotherapy to treat seasonal allergic rhinoconjunctivitis (SAR) due to grass pollen. In this Phase II study, 4 cumulative doses of PQ Grass and placebo were evaluated to determine its optimal cumulative dose.
INTRODUCTION
Grass pollen represents 25-35% of the earth's vegetation, and depending on climate and geography, represents a major contributor of airborne allergens during spring and summer. Depending on climate and region, global sensitization rates to grass pollen vary between 1% and 30% of the general population. [1] [2] [3] [4] [5] Seasonal allergic rhinoconjunctivitis (SAR) is a type I allergic disease to common aeroallergens, such as pollen which is estimated to affect 400 million people worldwide. [6] [7] [8] [9] [10] The only treatment that addresses the underlying cause of SAR includes allergen immunotherapy (AIT), which aims to provide long-term relief via immunomodulation and has been practiced since 1911. 11 A systematic review of the Cochrane database established the efficacy of AIT in both improving symptoms and reducing anti-allergic medication in SAR. 12 Efficacy of AIT is related to the cumulative dose of the allergen. 13 The use of native extracts in finding the optimal cumulative dose is often limited by systemic reactions such as anaphylaxis. 14 The introduction of depot adjuvants to prolong immune exposure provided scope in dose adaptations and improved tolerability profiles. 15 However, such conventional subcutaneous approaches to AIT still require up to 72 injections over 3-5 years resulting in high and wide-ranging withdrawal and noncompliance rates. [16] [17] [18] The introduction of hypoallergenic formulations such as allergoids have enabled updosing that achieve optimal efficacious cumulative doses faster with high tolerability. 19 The amino acid L-tyrosine was developed as an alternative depot platform to aluminium hydroxide (alum) to deliver AIT as well as other vaccines. It is referred to as microcrystalline tyrosine (MCT) which reflects its physicochemical properties. MCT shows high adsorption of proteins at neutral pH and enhances the induction of immunoglobulin (Ig) G antibodies without IgE stimulation. In addition, its half-life is 48 hours at the site of injection during which time it delivers a sustained release of antigens for prolonged immune exposure, but unlike alum, is fully metabolized within the body. 14, 20, 21 MCT has been shown to facilitate allergen-specific IgG4 antibody production as well as IL-10 secretion from T cells. [22] [23] [24] MCT also offers a compatible mode of adsorption with second generation immunomodulators (i.e. TLR agonists). Monophosphoryl lipid A (MPLÒ) is a Toll-like receptor 4 (TLR4) agonist and a nontoxic derivative of Lipid A from lipopolysaccharide (LPS), a component of bacterial cell walls. The mechanism involved in MPL adjuvancy is becoming clearer, mainly from studies in mice, but also from human studies implicating protolerogenic Treg and Th1 responses, indicating that it is suitable for shorter course AIT. [25] [26] [27] [28] [29] Pollinex Quattro Grass (PQ Grass) is available as named-patient allergoid product covering relevant grass species using a 13-grass mix. 30, 31 PQ Grass offers short courses of injections that has been in use throughout Europe since 1999. 32 The formulation is built on established pharmaceutical principles and consists of a modified allergen MCT adsorbate and MPL to provide an adjuvant system as a means by which immune activation could be better focused in directing the desired balance of Th1 immune responses. 33, 34 Pollinex Quattro is listed in the current European Academy of Allergy and Clinical Immunology (EAACI) AIT guidelines with grade IA recommendation. Up until now, a wide range of studies have been performed to investigate the clinical effects of PQ Grass using the current available cumulative dose of 5100 SU (standardized units), consisting of 4 weekly pre-seasonal subcutaneous injections. 17, 32, 35 Two recent studies with PQ Grass have shown significant and long-lasting improvements. 36, 37 To support development of PQ Grass for full registration, guidelines for clinical development of products for AIT require a study to establish a dose response relationship for clinical efficacy using provocation tests. 38 CPT is a standardized and reliable provocation test that can be used for that purpose. 39 Earlier dose response studies using CPT with Pollinex Quattro Birch (PQ Birch), differing only in the allergoid from PQ Grass, demonstrated a 50% greater reduction of the total symptom score (TSS) after a 5.5-fold increase in the cumulative dose (from 5100 SU to 27300 SU) without compromising safety. 40 For this PQ Grass dose response study, three higher injection strengths of 2700 SU, 6000 SU and 8000 SU (per 1.0 mL), were developed. These were used to administer cumulative allergoid doses of 5100 SU, 14400 SU, 27600 SU or 35600 with the same short course of six weekly injections.
We describe the results from a dose finding study in which PQ Grass was evaluated in patients with SAR due to grass pollen, using CPT to evaluate the dose response relationship of TSS, and to establish an optimal therapeutic dose of PQ Grass for future Phase III studies.
METHODS

Study design
A multicentre, randomized, double-blind, placebo-controlled, parallel group study [EudraCT number 2017-000333-31] with 5 treatment arms was conducted in Europe (Austria, Germany, and Poland) prior to the grass pollen season (between September 2017 and April 2018). The study patients were randomized 1:1:1:1:1 to receive 6 injections of placebo; 2 placebo and 4 active PQ Grass to achieve a cumulative dose of 5100 SU; 6 injections of PQ Grass to achieve respective cumulative doses of 14400 SU, 27600 SU and 35600 SU.
This study was conducted in accordance with Good Clinical Practice guidelines and the Declaration of Helsinki. The protocol was approved by the responsible competent and ethical bodies in each participating country. All patients provided written informed consent before any study activity.
The primary efficacy endpoint was the posttreatment TSS following Culture-Independent Assessment of the Conjunctival Provocation Test (CIA-CPT©). 41 CPT was performed by testing increasing concentrations of allergen following the method proposed by Möller et al., 42 and adapted by Radcliffe et al., 43 and Riechelmann et al., 44 using grass pollen allergen extract. TSS was assessed at screening to determine patient eligibility, at randomization to establish the baseline TSS, and at the post-treatment visit (4 weeks after the last injection) to obtain the posttreatment TSS. CPT was performed until a TSS of !6 was reached following adjustment for the reference eye score at screening and baseline. The post-treatment CPT started with the concentration eliciting a positive CPT at baseline. The secondary efficacy endpoints included the change from baseline to post-treatment TSS following CPT, the number of additional allergen concentration steps required to elicit a positive CPT post-treatment, and the change in total immunoglobulin (Ig) E, specific IgE, IgG4, and specific IgE/total IgE ratio between screening and post-treatment (evaluated by a central laboratory by ImmunoCAP test).
Study patients
Eligible patients were male or female (of nonchildbearing potential), 18-50 years in age, with a history of moderate to severe SAR due to grass pollen exposure requiring anti-allergic treatment for symptom control for at least 2 consecutive seasons prior to the study. Other main inclusion criteria included a positive skin prick test for grass pollen and histamine (wheals longest diameter ! 3 mm), a negative skin prick test to the negative control (wheals diameter ¼ 0), a positive CPT at the first two visits (TSS ! 6), grass-specific IgE and Phl p 1/5-specific IgE class ! 2 at screening, and a forced expiratory volume in 1 s (FEV 1 ) ! 80% of predicted, with a FEV 1 /forced vital capacity (FVC) ratio ! 70%.
Key exclusion criteria included a positive skin prick test (SPT) (wheal ! 3 mm) to another allergen with associated allergy concurrent to the study ( Supplementary Fig. 1 ), and history of immunological disorders or other major diseases or a previous AIT to grass pollen in the last 5 years. Four eye symptoms after challenge with the allergen or negative control were recorded as patient and investigator reported outcomes (mixed patient-reported outcomes measures using a severity rating scale as follows: 0 ¼ absent, 1 ¼ mild, 2 ¼ moderate and 3 ¼ severe). Patients independently scored the eye symptoms of itching and irritation, followed by co-assessment of eye tearing in conjunction with the investigator and scoring of eye redness by the investigator independent of the patient. This questionnaire was administered 10 minutes after application of negative control or allergen.
CPT allergen provocation test
The CPT was only conducted on patients with no visible and/or reported eye symptoms or complaints on the day of the assessment and no current antihistamine treatment.
Study medications and treatment schedules
The study sponsor provided all study medication. PQ Grass or placebo were administered as 6 1.0 mL subcutaneous injections at 7-day intervals over a period of approximately 31-41 days at concentrations of 0 (placebo), 300, 800, 900, 2000, 2700, 6000 and 8000 SU per 1.0 mL to deliver cumulative doses of 0, 5100, 14400, 27600, and 35600 SU. The treatment arm (5100 SU) consisting of 4 active injections started with 2 placebo injections for a total of 6 weekly (7 days, AE1) 1.0 mL injections, maintaining the blind for treatment arms with 6 active injections and the overall study.
Active injections contained 50 mg/1.0 mL of MPL adjuvant, 2% (w/v) L-tyrosine (MCT); placebo contained no MPL adjuvant. Treatment was to be completed at least 3 weeks before the predetermined start of the local grass pollen season. The start of the grass pollen season was estimated for each of the pollen stations participating in the study (with a pollen station assigned to one or more neighboring clinical sites). For each of these pollen stations, the beginning of the grass pollen season was predicted using historical pollen data. The start date was estimated as the first date reaching at least 1% of the cumulative pollen load in the previous grass pollen season(s).
Statistical analysis
The following analysis sets were defined for statistical analysis. The Full Analysis Set (FAS) consisted of all patients who received at least 1 injection of study drug and followed the intentionto-treat principle. The modified Full Analysis Set (mFAS), consisted of all patients who received the full cumulative dose to which they were randomised and had non-missing values for posttreatment TSS. The Per Protocol Set (PPS) was a subset of the mFAS and excluded all patients with major protocol deviations that affected the evaluation of the primary endpoint of the study. mFAS was the primary analysis set; the FAS and PPS were used for sensitivity analyses. Safety and tolerability analyses were performed on the safety set (SAF) consisting of all patients who received at least 1 dose of study medication. For the secondary efficacy analysis, the change from baseline to post-treatment TSS following CPT, calculated as "post-treatment TSS -baseline TS", was analyzed exactly as the primary efficacy endpoint. Immunological measurements (total IgE, specific IgE and IgG4, specific IgE/total IgE ratio) and their changes between screening and posttreatment, calculated as "Igx post-treatment -Igx at screening", were analyzed descriptively. Additionally, the change from baseline in Igx measurements was analyzed using an ANCOVA model including the treatment group and the baseline measurement as covariates.
Safety analysis
All adverse events (AE) analyses were based on the Medical Dictionary for Regulatory Activities (MedDRA) system organ class, and MedDRA preferred terms. All AEs, severe AEs, adverse drug reactions (ADRs), severe ADRs, serious AEs (SAEs), serious ADRs, adverse reaction complexes (ARCs) and AEs leading to premature discontinuation from treatment or the study were recorded and assessed within each treatment group.
RESULTS
In this study, 546 patients were enrolled and screened, and 447 were randomized to receive study medication: 89, 87, 92, 93 and 86 patients received placebo, 5100 SU, 14400 SU, 27600 SU, and 35600 SU, respectively ( Fig. 1 ). Compliance to treatment was high, with 427 patients (95.5%) completing treatment with all six injections. In total 21 (4.7%) patients discontinued their treatment before the end of the study, 13 (2.9%) due to AEs with similar incidences per treatment group (Fig. 1 ).
Demographic and baseline data were similar among the treatment groups in the MFAS population (426 patients), of which 234 (54.9%) were male and the mean (AESD) age was 30.7 years (AE8.6) ( Table 1 ). All patients had allergic rhinitis or conjunctivitis, with the vast majority having both, and had received anti-allergic treatment in the previous two grass pollen seasons ( Table 2 ). Past and current asthma was reported in 106 (23.7%) patients overall.
PQ grass primary efficacy endpoint
Each of the cumulative doses from 5100 SU to 35600 SU showed a reduction in TSS at 4 weeks after last treatment compared to placebo, with post-treatment mean TSS for placebo of 5.4 (SD 2.5) and post-treatment TSS ranging from 4.4 (SD 2.5, 5100 SU) to 4.0 (SD 2.5, 35600 SU) points compared to placebo. This resulted in a highly statistically significant dose response for all 3 candidate models (p < 0.0001; Figure) , showing consistent modelling results and similar fits of the dose response relationship (Fig. 2) . Based on the average dose response model of the three candidate models, the reduction in TSS relative to placebo increased significantly with the cumulative PQ Grass dose; this strong dose response relationship was confirmed in various sensitivity analyses performed (e.g. PPS and using Based on the on the average dose response model, the 27600 SU and 35600 SU doses were close to reaching a plateau of the monotonic dose response curve for TSS. Furthermore, the individual mean changes between baseline and post-treatment TSS values reached statistical significance compared to placebo for all doses evaluated including the currently available cumulative dosage of 5100 SU (p ¼ 0.009).
PQ grass secondary efficacy endpoints
A similar dose response could be observed for the other immunological variables such as total IgE, grass-specific IgG4, and IgE/total IgE ratio. Immunoglobulin levels were significantly higher in all treatment groups following PQ Grass administration compared with placebo, and the levels of IgE and IgG increased with increasing PQ Grass doses, plateauing between the 27600 SU and 35600 SU (Fig. 3) .
Furthermore, about 65% of patients in the active treatment groups needed at least 1 additional concentration step to elicit a positive CPT post-treatment compared with 40% of patients in the placebo group (Fig. 4) .
Safety
No SAEs occurred in this study. A summary of patients with treatment-emergent adverse events (TEAEs) across all dose groups is presented in Table 3 . The percentage of patients suffering from local reactions was highest in the 27600 SU group (694 events in 81 [87%] patients). However, their occurrence was not markedly higher than those found in the other active groups.
Overall, 15 patients (13 in the 3 higher dose group, and 1 each in the 5100 SU and placebo groups) had at least 1 TEAE that led to discontinuation of study drug (7 patients after the second injection, 3 patients after the third injection, 2 patients after the first and fifth injection, respectively, and 1 patient after the fourth injection). TEAEs of severe intensity were reported in 13 patients: 3 (3.4%), 4 (4.3%), 4 (4.3%) and 2 (2.3%) 
DISCUSSION
This Phase II clinical trial studied the dose response of cumulative doses ranging from 5100 SU to 35600 SU of PQ Grass, using TSS captured after CPT as the primary variable, one of the primary endpoints recommended in the guidance from the European Medicines Agency (EMA) and recommended by the EAACI. 38, 41 Selecting the optimal dose in general is particularly important because failure to do so has been associated with high failure rates in pivotal Phase III studies in the absence of adequate dose range finding studies. 45 The doses of PQ Grass were selected in accordance with the EMA standards for allergen immunotherapy dose selection. 13, 41, 46 The CPT was administered to patients outside the pollen season to avoid the influence of environmental allergens. 30, 47 TSS captured via CPT is shown to provide a reliable method for dose selection in AIT, 39, 48, 49 and successfully implemented in two earlier PQ Birch AIT studies, 40 and was applied to a population of 447 grass-allergic patients. The primary statistical analysis used to evaluate the dose response was recommended by the EMA, meeting the International Conference on Harmonisation E4 requirements. 50 The cumulative PQ Grass doses evaluated were 2-, 5-and 7-fold above the currently available 5100 SU dose. The 2 highest doses, 27600 and 35600 SU, were close to the plateau of a monotonic dose response curve and were identified as suitable for further investigation in a pivotal Phase III study. All cumulative doses, including the 27600 and 35600 SU doses, were well tolerated and did not show any safety signals.
The dose response obtained from the different cumulative doses versus placebo was statistically significant (p < 0.0001) and confirmed in the sensitivity analyses. Like the PQ Birch dose response studies, 40 the reduction in TSS relative to placebo increased with the cumulative PQ Grass dose. The decrease in post-treatment TSS after CPT compared to placebo reached statistical significance for the currently available cumulative dose of 5100 SU with the ED 50 estimated at approximately half of this dose (2900 SU). Moreover, these results also show that the treatment effect compared to placebo is increased by approximately 50% with the 27600 SU and 35600 SU doses, which were both close to reaching a plateau of the dose response curve for TSS and were selected for further investigation in pivotal Phase III studies.
Over the last decade, the methods of CPT assessment have further improved. Recent advances in CPT methodology include the development of more standardised scoring systems such as the Total Ocular Symptom Score and the Riechelmann adaptation of the Gronemeyer score system. 51 Importantly, the Riechelmann score was found to correlate with clinical symptoms even in patients having predominantly nasal symptoms of allergic disease, which has helped to validate CPT. 44 Moreover, CPTs show a high level of reproducibility, and despite differences in techniques and pollen allergen sources, there is a consistent range for ocular allergy symptom elicitation using CPT. 52 The standardization and reproducibility of the CPT method combined with the highly sensitive statistical analysis method has now been established across several studies as an effective means of identifying an optimal dose. The applied CPT methodology was initially evaluated in a pilot study 39 and two previous PQ Birch studies have shown the robustness of this method of analysis in which mean TSS scores showed overlap on the dose response curve at similar doses. 40 In addition, other studies have successfully used CPT methodology to assess the dose response relationship to support selection of the optimum dose for further development. 53, 54 The considered optimal dose should be guided by both immunological and clinical dose response curves. Additional analyses of secondary endpoint immunoglobulin data revealed no clear correlation with the TSS after CPT ( Supplementary  Figs. 2-3) . However, the observed results exhibited a clear step-wise increase in all the immunoglobulin domains tested, approaching a plateau with increasing strength, consistent with the dose response seen from TSS. The overall level of significance for each cumulative dose related to the increase in grass-specific IgG4 and grassspecific IgE/Total IgE ration (%) were highly significant in each case. It is a well-known phenomenon that an initial increase in IgE is followed by a gradual decline in allergen-specific IgE levels over several years. 55 However, although increases in grass-specific IgE/Total IgE ratio have been described in many AIT studies so far, a dose dependent effect to the cumulative allergen given is a new finding. Interestingly, it has been suggested that early priming of Th2 cells by high allergen exposure is important for successful AIT. 56 Furthermore, the strong dose response observed for IgG4 is notable and supports the potency of PQ Grass to induce allergen-specific IgG antibodies, which play a significant role in allergen-specific tolerance. Moreover, the absence of a correlation between allergen-specific immunoglobulins and clinical outcomes provides further evidence for similar observations made to date, while these results clearly demonstrate that the dose of AIT is independent of the absence of this relationship.
Interpretation of the clinical outcomes in this study should also take into consideration the characteristics in using MCT and MPL as an adjuvant system in the PQ Grass formulation. 4, 5, 14 The significance of this may in part be in its contribution to the quality of the immune response.
As expected, the majority of TEAEs were mild local injection site reactions. All dose regimens were well tolerated, and AEs were mainly mild and similar across all active doses. Consequently, it is important to highlight that the use of a biodegradable depot (MCT) exhibits strong adsorptive power with allergen extracts that may facilitate consistent slow release (depot) properties across the doses investigated. Moreover, MCT used in formulations such as PQ Grass exhibits a 48-hour half-life at the injection site and hence offers compatibility with a rapid dose administration schedule.
In conclusion, after a short course of 6 injections with allergoid grass SCIT treatment with the adjuvant system MCT þ MPL (PQ Grass), a highly statistically significant dose response was demonstrated between post-treatment TSS measured after CPT and dose of PQ Grass. The dose response curve decreased monotonously and showed very similar curves for each of the 3 pre-specified dose response models. The primary result was consistent with those from the secondary endpoint data. Moreover, an acceptable safety profile was illustrated across all active treatment groups. Therefore, this study was adequately designed to establish an optimal dose for PQ Grass using TSS measured during CPT as a primary endpoint. Both the cumulative 27600 SU and 35600 SU doses were close to reaching a plateau of the monotonic dose response curve for TSS and showed a similarly optimal benefit/risk profile. Either dose may, therefore, be selected for further investigation in pivotal Phase III studies. 
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